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Abstract. The paper presents the numerical simulation method of three-dimensional turbulent 
flows in the hydraulic turbine. This technique was verified by means of experimental data 
obtained on a water model of the Francis turbines. An aerodynamic stand, which is a miniature 
copy of the real hydraulic turbine, was designed. A series of experiments have been carried out 
on this stand and the corresponding calculations were performed. The dependence of the 
velocity and pressure pulsations profiles for different operation regimes are presented. 
1.  Introduction 
The development of hydraulic turbo machinery have long reached a mature stage. At design 
conditions, the turbines usually perform with high efficiency and reliability. However, at part loads 
and in transient regimes the stability of the system can seriously be impaired leading to a decrease in 
efficiency, mechanical damage and system failure. The intrinsic unsteadiness at suboptimal conditions 
leads often to vortex breakdown and precessing helical vortices in form of a single or twin rope behind 
the runner, which cause intense flow pulsations and vibrations of the turbine structure that pose a 
serious risk of the system reliability and safety. These problems have long been in focus of the 
experimental researches and simplified analytics, but the full three-dimensional time-dependent 
dynamics has remained beyond the most advanced diagnostics techniques. Computer simulations have 
been seen as a potential tool for capturing the details of the instabilities and the vortical and turbulence 
structures. Such information can be obtained by direct and large-eddy simulations (DNS, LES) over a 
range of important scales. However, the accuracy of DNS and LES depends much on the numerical 
resolution. For complex configurations the Reynolds-averaged Navier-Stokes (RANS) approach, 
being computationally less demanding, has been considered as a more rational option for industrial 
purposes. However, because if its empirical contents, the RANS have not been regarded as a trustful 
research tool, and moreover, their credibility depends much on the choice of the turbulence model to 
close the time- or ensemble-averaged conservation equations. 
Despite the extensive literature (e.g. Doerfler [1], Alligne et al. [2]), comprehensive experimental 
data for hydro turbines are still insufficient, apart from mean velocity and second- moment turbulence 
statistics measured at selected locations in laboratory models of some popular turbine types [3, 4]. On 
the other hand, there are still many open questions regarding the practically relevant numerical 
simulation of the flow in turbines of realistic configuration. Because of typically very high Re 
numbers, DNS and even LES, requiring enormous numerical mesh and computer resources, are 
  
 
 
 
 
usually beyond the capabilities of the designing. The URANS or hybrid RANS/LES methods remains 
the available approaches of the simulation. 
Here the first challenge is related to selecting the appropriate RANS model that can reproduce 
satisfactorily the unsteady flow and the dynamics of at least the dominant large-scale vortex structures 
subjected to strong swirls, curvature and adverse pressure gradients in complex geometric shapes. The 
popular linear eddy-viscosity modes (k-ε, k-ω, and their many “improved” variants) lack of the 
sufficient physics and have shown to perform poorly in describing such flows. 
2.  Mathematical model and numerical method 
Describing the flows in the flow path of water turbines one have to face several problems. The first 
challenge is related to modeling of turbulence in channels of complex geometric shapes and with 
strong swirl flow. At the same time for engineering calculations turbulence models, not only quite 
accurate describing of the average fields, but also large-scale flow pulsations is required. Widely 
spread in engineering calculations k-ε and k-ω turbulence models poorly describe such flows. To 
improve the modeling of turbulent swirling flows scientists are trying to either modify existing 
URANS turbulence models or use techniques, which resolve large-scale turbulent eddies (LES, DES). 
The precession of the vortex core can accompany the swirling flow in hydraulic turbines. For 
modeling such phenomenon it is necessary to use non stationary simulation methods such as the 
method of large-eddy simulation. However, it requires a very detailed grid, especially near the walls. 
At the same time, RANS models are quite economical and describe the boundary layers well. To 
combine the advantages of these approaches the method of detached eddy simulation (DES) was 
proposed in [5].  
In the simulation of hydraulic turbines it is necessary to consider the rotation of the runner. There are 
many approaches for modeling flows with rotating bodies, they include: dynamic grid, sliding mesh, 
moving mesh and method based on a moving reference frame. The most common and simple way to 
model the runner rotation is to use a rotating reference frame. The rotating coordinate system allows 
simulating flow in an approximation in which the runner is fixed and swirl flows pass through it. In 
this paper, modeling of the runner rotation was performed with rotated reference frame for runner 
zone. Numerous test calculations show the correctness of this approach, both in the description of 
integral characteristics of flow and pulsation [4, 6-7].  
Below, the basic equations of the mathematical models in the rotating coordinate system are 
presented. The continuity equation (conservation of mass): 
0 v . 
Momentum equation (conservation of momentum) in a rotating frame for relative velocities: 
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where: v - velocity vector, τ - stress tensor, Ω - angular velocity of runner rotation, p - static pressure, 
 - density. On the right side of the equation of conservation of momentum Coriolis’ force and the 
centrifugal force are written. 
Two turbulence modeling approach were used. The first one is second order closure, i.e. Reynolds 
stress model (RSM) and the second one is detached eddy simulation (DES). 
One should say a few words about the numerical approach. Discretization of the transport equation 
was carried out by the control volume method on unstructured grids. Velocity and pressure fields for 
incompressible fluid were obtained by means of the SIMPLE procedure. For the approximation of the 
convective terms in the equation for momentum components, second order scheme was used. For the 
approximation of convective terms in the equations for turbulent characteristics, up-wind scheme was 
used. 
3.  Experiment 
An experimental study was performed on an open aerodynamic stand. The configuration considered is 
a 4:1 scaled-down laboratory model of a Francis turbine (RO-230) of an LMZ (Leningrad Metal 
  
 
 
 
 
Industry). Air supply in the draft tube model was carried out using a high performance air blower with 
the maximum flow rate Qmax =170 m3/h and the excess pressure of Δp=0.4 bar. An ultrasonic flow 
meter «IRVIS-Ultra» and a frequency converter of the blower with feedback controlled air flow rate 
were used. For capturing the LDA signal the air flow was seeded with tracers produced by a standard-
type generator of the paraffin oil aerosol with a mean particle diameter of 1-3 μm. Figure 1 provides a 
photo of the experimental turbine model. The draft tube model, runner, spiral case and guide vanes 
geometry were provided by the company LMZ and were manufactured using the technology of 3D 
printing. 
Servo drive SPSh10-3410 ensured precise rotation frequency 
of the runner in the range from 0 to 3000 rpm. A computer 
ensured the control of the experiment. Using the original 
software, it was possible to maintain the flow regime with an 
accuracy of 1.5% and 0.5% of the flow rate and the runner 
rotation frequency respectively. 
The experiments included measurements of velocity fields in 
the conical part of the draft tube using a system of two-
component LDA “LAD-06i” [8], and measurements of the 
pressure pulsations with special acoustic sensors. The acoustic 
sensors were based on high precision microphones attached with 
tiny tips for capturing pressure pulsations at the local points [9]. 
Two of these sensors were used to conduct point-to-point measurements [9]. The perturbation mode 
that corresponds to the precessing vortex core was identified by analysing the signal from the sensors 
located in diametrically opposite angular positions. Note that the possibility of using well-proven 
acoustic technology is another advantage of air model stand. 
Pressure fluctuations were recorded using a microphone Bruel & Kjaer Type 2250. The signals from 
the microphones were digitized by an analog-to-digital converter L-card E-440. The experiments were 
conducted at the runner rotation frequency from f = 0 to 2000 rpm with a step 500 rpm and a flow rate, 
varing in the range from Q =100 to 150 m3/h with a step of 50 m3/h. At each point, the signal detected 
by the acoustic sensors was digitized for 5 seconds with a sampling rate of 2 kHz. 
The LDA measurements of the axial and tangential fluid velocity components were performed at a 
cross-section in the draft tube cone. 
4.  Francis-99 result 
The section presents the results of simulation of the flow in the turbine Francis-99. Three operation 
point proposed for the Francis-99 workshop were calculated [4]. Geometry data provided by the 
workshop committee were used. Computational domain included the runner and the draft tube. The 
mesh consisted of 6 mln. control volumes. Constant radial and tangential velocity components were 
set at the runner inlet. Angle between velocity direction and the runner inlet corresponded to guide 
vane angle. Outflow boundary conditions were set at the draft tube outlet. 
Three operation points were calculated with of Reynolds stress model. Part load and high load 
operation points were also calculated with DES method. Figure 2 shows the velocity magnitude in 
central cross-section for two operation points. At the best efficiency point, narrow concentrated vortex 
is formed under the runner tip. On the other hand, at part load operation point, axial flow is close to 
the draft tube wall. At this operation point, wide recirculation zone is formed at the axis in the draft 
tube cone. 
Tables 1 present parameters of the turbine at the operation points (net head in calculations was 
defined between runner inlet and the draft tube outlet). Computational results were obtained with 
steady Reynolds stress model. The results of calculations agree with experimental results qualitatively. 
Part load operation point shows the largest discrepancy of the efficiency. 
Fig. 3 – 4 show velocity components along the top line in the draft tube for two operation points. 
The results of the calculations are in close agreement with experimental data at two operation points 
 
Figure 1: Photo of the 
experimental stand 
 
  
 
 
 
 
both for Reynolds stress model and DES method. Part load operation point shows the smallest 
discrepancy.   
 
 
 
Figure 2: Velocity magnitude in central plane; part load and the best efficiency points 
 
Table 1. Part load and the best efficiency point 
Parameter Part load Best efficiency point 
RSM Experiment RSM Experiment 
Net head [m] 11.30 12.29 11.61 11.91 
Pressure torque [N m] 165.7 137.52 650.8 619.56 
Friction torque [N m] -3.5 6.54 -6.9 8.85 
Total torque [N m] 162.2 – 643.9 – 
Efficiency [%] 80.60 71.69 95.34 92.61 
 
 
 
 
 
Figure 3: Velocity components in the draft tube, part 
load point 
 
Figure 4: Velocity components in the draft tube, 
high load point 
 
5.  Aerodynamic stand 
5.1 Experimental results 
The structure of the flow downstream the runner was visualized and analyzed using the laser knife and 
flow tracers. The forming of the precessing vortex core in the draft tube diffuser was observed.  
Further instrumental and numerical study of the flow confirmed the presence of the PVC. 
Measuring of the flow velocity downstream the runner was carried out using a LDA (Laser-Doppler 
anemometer) LAD-06I. Figure 6 shows velocity profiles for different flow rates (Q = 100, 150, 200 
m3/h). In addition, velocity profiles were measured for modes with different rotation speed of the 
runner including stationary rotor mode. As can be seen from the figure the stream in the draft tube is 
near the wall. A powerful recirculation zone is formed in the center and causes the PVC forming. 
  
 
 
 
 
Using the sound-level meter (Bruel & Kjaer Type 2250) and piezo-electric sensors an amplitude and 
frequency of the pressure pulsations were measured. The analog-to-digital converter processed signals 
of sound-level meter and piezo-electric sensors. For example, spectra of the pulsations for mode with 
flow rate Q = 200 m3/h and rotation speed ω = 2000 rpm shown at figure 7. 
 
 
Figure 5: Visualization of the flow structure in the draft tube cone 
 
 
 
Figure 6: Profiles of the axial velocity in the 
draft tube diffuser, ω = 1000 rpm 
Figure 7: Spectra of the pressure pulsations 
 
It is evident that increasing the flow rate leads to increasing the pulsations frequency. At the same 
time with increasing the runner speed the pulsations frequency reducing. It is quite logical because 
with increasing runner speed the flow swirling is reduced due to the fact that runner takes the whole 
flow swirling created by the stator and guide vanes. 
5.2 Numerical research 
The section presents the results of the simulation of the flow in the aerodynamic turbine stand. The 
calculations used unstructured grids of varying refinement. Figure 8 shows a comparison of the 
calculated and experimental axial velocity components. There is a satisfactory agreement. As has 
already been noted in the experiment there is a wide area of reverse flow, which indicates the presence 
of the precessing vortex core. This assumption is confirmed by the calculated data. Figure 9 shows the 
instantaneous pressure field in the cone of the draft tube. As seen in the diffuser of the draft tube is 
formed sufficiently strong PVC. 
 
  
Figure 8: Profiles of the axial velocity in the draft tube 
diffuser 
Figure 9: Vortex flow structure in the draft tube of the 
aerodynamic turbine (DES, RSM) 
  
 
 
 
 
6.  Conclusion 
The paper proposed a numerical method for the simulation of flow in hydraulic turbines that was 
verified by means of experimental data. A unique aerodynamic stand, which is a miniature copy of the 
actual hydroelectric power, was designed. At the booth, a series of experiments simulating different 
modes of hydroelectric works. For this stand the velocity components and the pressure pulsation in the 
draft tube diffuser were measured. Using the numerical simulation technique the flow in the 
aerodynamic stand was calculated. The comparison of the calculated and experimental data showed 
close agreement that suggests the using possibility this numerical methods for the engineering 
applications.  
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